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PROCESS AND DEVICE FOR DETERMBSJATION OF CF T J. VTARTTTnrv 

This application daims the benefit of United States provisional application number 
60/531,848, filed December 22, 2003, the entire contents of which are incorporated 
herein by reference. Throughout this application varioxis publications are referenced. 
5 The disclosures of these publications in tiieir entireties are hereby incorporated by 

reference into this application in order to more fully describe the state of the art to which 
this invention pertains. 

TECHNICAL FIELD OF THE INVENTION 

The invention relates generally to a process and device for the determination of cell 
10 viabili^. 

BACKGROUND OF THE INVENTION 

Various applications including the use of tissue and cell culture to produce materials for 
tteatment of varioxis health problems creates the necessity to quantitatively assess the 
viability of cells and tissues at all stages of gtowth and propagation. Currentiy this is 

15 accomplished using dye exclusion and other approaches that are messy, time-consuming, 
ea^ensive, difficult to automate and perform with rapid throughput, not easy to 
quantitate and, in the final analysis, not very precise and accurate. The process of dye 
exclusion can also consume or modify some of the cells and, in the case of stem cells, the 
loss of die cells themselves is an extreme disadvanl^e. Thus, there exists a need for an 

20 improved process to determine cell and tissue viability. 

SUMMARY OF THE INVENTION 

The invention provides a metiiod to determine die viability of cells by measuring the 
absolute and relative rate of metabolic activity and/ or integrity of the cell membrane 
through the use of vibrational spectroscopy. 
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In one embodiment, the method comprises obtaining a container loaded with deuterated 
materials, introducing celk into the container whereby the celk are in contact with the 
deuterated materials, and obtaining vibrational spectra emitted by the cells. The 
vibrational spectta emitted by the cells are indicative of metabolism, thereby providing an 
5 indication of viability of the cells, such that greater metabolic activity is indicative of 
greater viability. 

The vibrational spectm can be Raman spectra, infrared and/or near inficared spectra. 
The deuterated material can be, for example, selected from the group consisting of a-D- 
glucose; 6,6- dideutero-a-D-glucose; D2O; 3-O-methylglucose; 6,6- dideutero-a~D-3-0- 
10 trideuteromethylglucose; 6,6- dideutero-a-D-3-O-methylglucose; 6,6- dideutero -a-D-2- 
O-methylglucose; and deuterated amino acids. 

In some embodiments, the method further comprises normalizing the Raman spectra 
obtained by comparing the Raman spectra obtained at a target wavenumber to the 
Raman spectra obtained at a reference wavenumber. Representative target wavenumbers 

15 include 960 cm'\ 1270 cm"^ and 2400-2600 cm"\ Typical reference waventmibers include 
the amide I Raman feature (1600-1700 cm'^), the CH2 Raman feature (1450 cm**), the 
amide HI Raman feature (1200-1350 cm**), the CH stretching region (2900-3000 cm**), 
and the integral of all the Raman features (300-1850 cm *). In some embodiments, the 
Raman spectta are normalized by comparing the Raman spectra obtained at a taiget 

20 wavenumber to the fluorescence generated by a Raman excitation source, such as the 
H2O fluorescence (980 nm). 

In another embodiment, ihc method of determining cell viability comprises obtaining a 
container loaded with deuterated materials, introducing cells into the container whereby 
the cells are in contact with the deuterated materials, obtaining vibrational spectta 
25 emitted by the cells, placing an aliquot of the cells into a medium free of deuterated 
materials, obtaining vibrational spectra emitted by the cells in the non-deuterated 
medium, and detertnining the rate of decrease of emitted vibrational spectra. The 
vibrational spectra are indicative of metabolism, thereby providing an indication of 
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viability of the cdls, such that a faster rate of decrease of emitted vibrational spectra is 
indicative of greater viability. 

BRTRF DESCRIPTION OF THE FIGURES 

Figure 1 shows spectral counts as a function of Raman shift Qn cm^) measured from 
5 human leukocytes grown in culture and exposed to phosphate biiffered saline for 30-90 
minutes. These spectra serve as a control for comparison to those shown in Figure 2. 

Figure 2 shows spectral coimts as a function of Raman shift Qn cm"^) measured from 
human leukocytes grown in culture and exposed to phosphate buffered saline containing 
D2O instead of H^O for 30-90 minutes. 

10 nRTATT.F. D DESCRIPTION 

One of die most basic indicators of viability is die metabolism of glucose and the active 
maintenance of membrane int^dty. A healtiiy cell keeps certain materials on die inside 
and odier noatedals on die outside of its membranes or cell wall (m the case of plant, 
cells). While it is possible to syndiesize vesicles and micelles and odier objects diat 

15 exclude, to a greater or lesser extent, certain materials from dieir inner volume, it is not 
possible, using such entities, to mimic the frill range of kinetics and diermodynamic 
behavior of living, ie. metabolising, cells or tissues. Having the ability to noninvasively 
monitor die consvunption of nutrients and/or production of metabolites or waste allows 
a temporally contbiuous, direct measure of cell viability from the moment of harvest 

20 from the primary somce, e.g. stem cells from xmibilical cord blood, to the final growth 
stages of some particular daughter culture. A highly optimized and novel approach to 
accomplishing diis type of measurement system is provided by this invention. 

Minimization of sample preparation is a worthy goal because variability and inefficiency 
at tiiat stage of analysis affects accuracy, precision, throughput and the cost structure of 
25 the overall process. Given the turbidity of cultures at all stages of handling, having a 
metiiod that is tolerant of turbidity is desirable. This feature, and die inherent need to 
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work in what is always an essentially aqueous environmenl^ discoucages analytical 
approaches based on absotptiofl spectroscopy. UV-visible spectroscopy has litde 
specificity (without the addition of what are essentially invasive fluorophores) and tnid- 
infirared spectroscopy has solvent absoirption limitations. Absorption ia the near IR is 
5 feasible for some analytes, but the isolation and unambiguous association of spectral 
features witii specific analytes has proven to be challenging at miUimolar concentrations 
for tissue-like samples. 

Definitions 

All sd^tific and technical terms used in this application have meanings commoidy used 
10 in the art unless otherwise specified As used in this application, the following words or 
phrases have the meanings specified. 

As used herein, 'Stibrational spectroscopy'' refers to spectroscopic techniques known in 
the art to be based on vibrational features, including Raman, resonance Raman, infirared 
(IR) and near infirared (NIR) spectroscopy. 

15 As used herein, "Raman spectra associated with" a given component refers to those 

emitted Raman spectra that one skilled in die art would attribute to that component One 
can determine which Raman spectra are attributable to a given component by irradiating 
that component in a relatively pure form, and collecting and analyzing the Raman spectra 
emitted by the component in the relative absence of other components. Those skilled in 

20 the art are aware of available librades that catalog known Raman spectra. 

As used herein, "metabolism" refers to the physical and chemical processes occurring 
within a living cell that are necessary for the maintenance of Ufe, including anabolism and 
catabolism, and the processes by which a particular subsl^ce is handled (as by 
assimilation and incorporation or by detoxification and excretion). 

25 As used herein, tmless context clearly indicates otherwise, "a" means at least one, and can 
include a plurality. 
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T>^^^<^ttig^tioa of Cen Viability 

Viability can be assessed using spectroscopy in many ways. One example to is to use 
standaird chemometdc tediniques to integrate the observed Raman activity in and around 
the vidnity of 2200-2400 cm'^ Raman shift (Stokes) (the C-D stretching modes) and the 
5 actisrity in and around 1600-1700 cm'^ (amide I). The ratio of these two tategrated signals 
is zero before the cells have absorbed any of the "deuterated viability agent^' and 
increases when the cells are incubated with the deuterated agent The ratio has a different 
time course depending on the specific nature of the agent used and the viability of the 
cells. Utilizing glucose as the agent, for example, a pop\Jatton of more viable ceUs takes 
10 up the agent faster than a population of less viable cells and slower than a popxilation of 
cancerous cells. 

The invention provides a mediod to determine the viability of cells by measuring the 
absolute and relative rate of metabolic processes. In one embodiment, the method 
measures indicia of glucose uptake, clearing and/or turnover iato variotis analytes, e.g. 
lactate, based on using a-D-glucose, 6,6- dideutero-a-D-glucose, D2O, 3-0- 
methylglucose, 6,6- dideutero-a-D-3-O-trideuteromethyl^ucose, 6,6- dideutero-a-D-3- 
O-methylglucose, -a-D-2-O-methylglucose, and other deuterated forms of constituents 
of nutrient brodis and agars associated with the particular cell/tissue types desired. In 
another embodiment, the method measures indicia of protein metabolism, such as by use 
of deuterated amino adds. 

The method typically comprises contacting the cells of interest with a deuterated agent 
and probing vibrational spectra emitted by the cells. In one embodiment, the method 
comprises obtaining a container loaded with deuterated tnatedals, introducing cells into 
the container whereby the cells are in contact with the deuterated materials, and 
25 obtaining vibrational spectra emitted by the ceUs. The vibrational spectra emitted by the 
cells are indicative of metabolism, thereby providing an indication of viability of the cells, 
such that greater metabolic activity is indicative of greater viability. The vibrational 
spectra can be Raman spectra (including resonance Raman), inficar ed and/ or near 
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in&ated spectra. In some embodiments, the method further comprises subsequently 
placing the ceUs in an environment ficee of the deuterated materials. The rate of 
clearance of the deuterated material is then monitored to detect viability of the cells. 
Healthy, viable cells will dear the deuterated material more quickly than nonviable cells. 

5 Noffnalizatioa 

The method of the invention can be used for making comparisons between 
measurements and samples through the use of a ''normalizer*'. In general, any process is 
more useful with a means for, within a pardcxilar sample of cells, controlling or 
correcting data for the number of cells being probed. A process that relies solely on 

10 measuring the intensity of a deuterium related spectral feature by itself is susceptible to 
errors induced by variation in sample volume, purity and other artifacts of sample 
preparation and handling. As one example, if at some point the sample of cells is pre- 
concentrated by centrifugation before spectroscopic probing, then the amount of 
spectroscopic signal obtedned, e.g. Raman or fluorescence or absorption in some spectral 

15 region, will depend on how much of the original mother liquor is present or how 

dispersed the "plug" becomes during sample manipulation/transportation. The amount 
of the volume of the "plug" that is probed will also depend on the laser or other light 
source power in a nonlinear and generally complicated manner because there is always a 
particular geometry of the light delivery and collection optical systems. It is therefore 

20 generally \iseful to use some internal spectroscopic or possibly physical optical signal, i.e. 
Rayleigh scattered light, that is obtained simultaneously with the deuterated signal, that is 
indicative of the number of cells being probed or the volume being probed in cases 
where the density of cells can be independently ascertained. 

To cite a few examples of possible normalizers, we note that all living cells contain 
25 protein, carbohydrate and lipid in relatively large quantities. Since spontaneous Raman 
scattering is generally speaking a parts per thousands analytic technique, or equivalentiy, 
only capable of providing quantitation down to millimolar concentrations, the choice of 
normalizer based on a Raman signal, as in the first example given above, is limited to 
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materials that occur naturally in cells in appropriate concentrations. Normalization can 
be achieved by determining a ratio between spectral features at a target wavenumber and 
spectcal features at a reference wavenumber. The area under a peak, in spectral counts at 
or spanning a range of the target wavenumber(s) is divided by the area under a peak in 
5 spectral counts at or spanning a range of the reference wavenumber (s). A target or 

reference wavenumber refers to the spectral feature associated with a particular attribute, 
such as a C-D bond (at 2400-2600 cm"^). 

Tfi the case of vibrational spectroscopies, some spectroscopic features are more 
appropriate than others for the purpose of volume/ cell number normalization. Although 

10 the concentration of a given protein may only be micromolar or below, each protein 
molecule contains thousands to tens of thousands of amide Hnkages. Each of these 
bonds produces a spectroscopic signal at nearly the same Raman shift and so die "piling 
up** of tie signal makes the various amide related features, particxilady amide I and amide 
in, strong and often measurable with high signal to noise ratio. Thus the example given 

15 above su^ested using the so-called amide I signal as a normalizer. Clearly the amide III 
and other types of amide signals may also be appropriate depending on the specific 
circumstances of the system in question, e.g. the composition of the nutdent medium 
and the ability to wash away potentially interfering substances before normalization. 

In some cases the normalizer will involve using the CHj deformation Raman feature at 
20 and around 1450 cm'\ This feature will often be useful because it is a major constituent 
of phospholipid membranes that are an integral part of any animal celL Each 
phospholipid molecule contains around 14-18 of these structural features and so the 
accumulation of these features allows a convenient and general method for 
normalization. Note that some nutdent media contain much more protein constituents, 
25 Le. amino acids, than lipid and, in these cases, the adequacy of washing before 

spectroscopic cell viability assessment is less cdticaL In the same vein, assessment of 
plant cell viability will necessarily involve cellulose related features because cell walls are 
composed of cellulose. 
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The use of a notxaalizer is most important when llie spectroscopic signals in question ate 
obtained in two separate steps. That is, if the undeutetated spectroscopic signal is obtain 
using one device and the deuterated signal is obtained using another device, for example 
because the sigr^alR occur in different spectroscopic regions, then a norroalizer is 
5 appropriate. If the two signals are obtained simxiltaneously, then a normalizer as 

described is xiseful when comparing the results of two separate assessments. But, if the 
two signals are simultaneously obtaiaed on the same device, then a normalizer is not 
necessary. Nevertheless, the use of a normalizer may still improve the overall precision of 
the process. 

10 In some embodiments, the 980 nm fluorescence of water is used as a normalizer in 
concert with Raman excited by a laser having wavelengti not shorter than 785 and 
possibly as long as 980 tim. Choosing the laser wavelengtii in this range assures that diere 
will be some water fluorescence that can be used to assess water content The water 
content can be used as a volume normalizer, ie. if the cell concentration is known, then a 

15 measure of the volume of water in a specific sample can be used as a measure of the 
number of cells being probed. 

In one embodiment of the method, one first incubates the cells in question in an 
appropriately deuterated medixim before removing cells in aliquots to incubate in 
nondeuterated medium. In this case, the same ratio is measured but now it decreases at a 

20 different rate for less viable cells than for more viable cells. In the case of using another 
analyte in conjimction with glucose (e.g. lactate), there wiU be more than one Raman 
feature in the 2200-2500 cm"* range. A ratio is formed involving each of these signals and 
either tibe amide I (1600-1700 cm"*) or the amide HI (1200-1350 cm"*) as the 
denominator. The percentage decrease of one feature in the 2200-2500 cm"* range should 

25 be matched by an equal percentage increase in the other consistent with die 
stoichiometry of the overall process. 

The amide I Raman feature (1600-1700 cm *) in the spectra of the cells and tissues and 
surrounding medium can be used as a normalizer (fluorescence) for the deuterium 
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specific Raman featutes to obtain a "specific activity" of the deutedum. The specific 
activity can be calculated upon probing cell volume, tissue volume or volume of 
exttacellialar medium. This quantity \rfll be useful in obtaining optimal quantitathre 
data/analysis for use as a kinetic probe of cell-tissue viability. 

5 Fluorescence generated by Raman excitation source can be used as a measure of cell 
volume, tissue volume or volume of extra-cellular medium being probed by Raman 
features. See, e.g., U.S. Patent No. 6,044,285. In general, porphyrin and long daain 
terpenoid and similarly derived substances, such as cytochrome, hemoglobin, chlorophyll 
and the carotenes, respectively, are known to fluoresce in the NIR, thus providing an 
10 opportunity to normalize for cell volume without adding exogenous substances, such as 
fluorophores. 

The amide m Raman feature (1200-1350 cm"*) in tiie spectra of the cells and tissues and 
surrounding mediimi can be used as a normalizer for die deuterium specific Raman 
features to obtain a ''specific activity^* of the deuterium. The specific activity can be 
15 calculated upon probing cell volume, tissue volume or volume of extra-cellular medium. 
This quantity will be useful in obtaining the best quantitative data/ analysis for use as a 
kinetic probe of cell-tissue viability. 

The H2O fluorescence (980 nm) generated by Raman or a separate excitation source is 
useful as a measure of cell volume, tissue volume or volume of extra-cellular medium 
20 being probed by Raman features. 

The use of the integral of all the Raman features (300-1850 cm'*) in the spectta of the 
cells and tissues and surrounding medium can serve as a normalizer for die deuterium 
specific Raman features to obtain a "specific activity^' of the deuterium. The specific 
activity <-Qti be calculated upon probing cell volume, tissue volume or volume of 
25 extracellular medium. This qtiantity will be useful in obtaining optimal quantitative 
data/analysis for use as a kinetic probe of cell-tissue viability. 
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Kits 

The invention provides kits for catiying out the methods of the invention. In one 
embodiment, the invention ptovides a pkte with wells, depi:ession(s) or compartment(s) 
into which a sample of cell ot tissue culture can be placed and the spectroscopic process 
5 of this invention ^qt^ be applied. In some embodiments, the plate is preloaded with 
appropriate deuterated materials to allow multiple kinetic measurements to be made to 
determine cell/tissue viability. The combination of this process and associated device 
with the aspects of a plate reader needed to provide cell count information allow die 
invention to provide absolute calibration to the device. The invention also provides 
10 preloaded centrifuge tabes that can be loaded witii the cells, processed and then 

spectroscopically probed in the spun-down tabe full of cells. Typically, the centrifuge 
tabes comprise glass or plastic. In a typical embodiment, the last step in the processing is 
a spin down step, e.g. following a series of washes. 

EXAMPLES 

1 5 The following examples ate presented to illustcate the present invention and to assist one 
of ordinary skill in triqlring and using the same. The examples are not intended in any way 
to otherwise limit the scope of the invention. 

This Example demonsttates that the spectroscopic analysis methods can be used to 
20 characterize viability of living cells. In this example, phosphate buffered saline (PBS) is 

used as a control to show that contacting cells with an isosmotic solution containing HjO 
(rather than DjO) does not alter spectroscopic features. 

Human leukocytes (HL60-leukemia) were grown by standard tissue culture techniques. 
An aliquot of the cells was taken from the main culture and exposed to H^O in phosphate 
25 bxiffered saline(PBS). Raman spectra of the cells were taken at progressively later times to 
show the effect of the water in the saline solution on the cells. There is clearly very litde 



-10- 



wo 2005/063119 PCTAJS2004/043759 



effect of adding water, as shown in Figure 1. The largest change observed invohred 
going from the ''dry** cells to the water added state. Note, however, that the cells were 
not actually dry. They had been spun down and there was just a small amount of residual 
water inside but not on the top of the "plug". The change in the reflection loss at the 
5 top of the cell plug, which varied when the PBS was added, caused the relatively large 
change in going from "dr/' to *Svet". 

Exgn Tn ple 2; Raman Spectra of T.ftntig Ce lls TTsiti g Deuterated Water 

This Example demonstrates that the spectroscopic analysis methods can be used to 
chamcterize the membrane function of living ceUs usiog deuterated agents. Viable cells, 
10 with intact membranes, will exhibit features associated with D2O replacement of H2O 
over time. In contrast, nonviable cells will exhibit immediate D2O replacement 
Accordingly, the time course of D2O exchange can be used as a measure of cell viability. 

Figure 2 shows Raman spectra of human leukocytes that were grown by standard tissue 
culture techniques. The spectra were cut off at a slightly different Raman shift. The 
right-most peak looks rounded, but the spectra of both "dry** samples (used in Examples 
1 and 2) were essentially identical An aliquot of the cells was taken from the main 
culture and exposed to D2O in phosphate buffered saline (PBS). Raman spectra of die 
cells were taken at progressively later times to show the effect of tiie deuterated water in 
die saline solution on the cells. There is clearly an effect Note that the large change 
observed going from the "dry" cells ("dr/' has same meaning as in Example 1) is die 
same as above, i.e. the change in the reflection loss at the top of tiie cell plug varied when 
eidier the deuterated or protonated PBS was added. 

The large change near 1270 and 960 wavenumbers and otiier places as well is due to 
exdiange of protons at the amide linkages. As exposure to the D2O extends from 30 
25 minutes to 60 minutes and tiien 90 minutes, significant changes are observed as D2O is 
exchanged for H2O. The rate of diis exchange depends on die viability of die cells, as 
cells whose membranes have lost integrity will exhibit immediate changes on the order of 
changes diat would take 90 minutes to occur in healdiy, viable cells. The spectra in 
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Figure 2 cleady show that deutetated agents can be employed in concert wiiih live cells to 
probe their membrane function. 

In order to compare the two sets of spectra quantitatively, normalization is used For 
example, one could use the ratio of 1270 cm"^ to 1450 cm*^ in each set to compare to 
5 each otiier without having to use the 960 cm**^ feature. Note also tiiat tiiese spectra do 
not cover a broad enough range to allow monitoting at 2400-2600 cm'"\ Accordingly, 
one could not simultaneously look at CD bonds and get the spectra shown below unless 
norroalization of some kind is employed In this case either the 1450 (CH2 deformation) 
or the 1670 cm"^ (amide I) could be used for normalization. Note most of the entire 
10 feature firom 1200 to 1350 cm"^ is called amide III. For both sets of spectr^ the 

fluorescence has been subtracted off using a standard technique(101-7 as described in US 
6,044,285), resulting in negative counts in some regions. We have produced the same 
demonstration using Jurket cells, another standard cell line often used in tissue culture. 

Those skilled in the art will appreciate that the conceptions and specific embodiments 
15 disclosed in the foregoing description may be readily utilized as a basis for modifying or 
designing other embodiments for carrying out the same purposes of the present 
invention. Those skilled in the art will also appreciate that such equivalent embodiments 
do not depart fi:om the spirit and scope of the invention as set forth in the appended 
claims. ^ 

'r 
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